Abstract. We simulate and compare optical transmission efficiencies, throughputs and interconnection lengths of free-space and POF-based guided-wave multi-chip-module optical interconnection demonstrators for different types of microcavity emitters.
Introduction
The performance of future-generation data processing systems will be set by intra-multi-chip-module (intra-MCM) interconnect limitations rather than by the processing performance of the CMOS ICs within these modules [1] . Optical input/output (I/O) over the entire chip area is pursued as a solution to these interconnection problems in the European Community funded ESPRIT project 'Optically Interconnected Integrated Circuits' (OIIC) [2] . With this approach, two-dimensional (2D) parallel data transfer will be made possible through the use of opto-electronic emitter and receiver arrays, flip-chip mounted on CMOS circuitry, and interconnected by passive optical pathway blocks (OPB). At the source side of the optical interconnection, both vertical cavity surface emitting lasers (VCSELs) [3] and microcavity light emitting diodes (MCLEDs) [4] are considered. As receivers, InP detector arrays will be used. For the optical pathways, two approaches are explored. As a principal choice in this project, a 2D array of small diameter plastic optical fibres (POFs) is used as a guiding transmission medium. An alternative is the construction of a free-space OPB. To that aim manufacturable, highprecision monolithic plastic micro-optical pathway blocks are fabricated using proton irradiation to achieve deepetch lithography [5] . They integrate microlenses and micromirrors to optically interconnect the flip-chip mounted surface-normal transmitters and receivers. Two requirements have to be fulfilled by these free-space OPBs before they can be considered as possible candidates for optical MCM interconnections. First, the transmission efficiency has to be sufficiently high to satisfy the receiver sensitivity and guarantee the very low bit error ratio required for this class of data transmission links (with bit error rate (BER) = 10 −13 -10 −15 ). Second, we cannot allow cross-talk between the optical data channels.
In this paper we simulate and analyse the performances of the guided-wave optical interconnection demonstrators for different characteristics of the POFs and for different types of microcavity emitters. We also study the performances of the free-space interconnection demonstrators for VCSEL sources. In both cases we derive guidelines for the design of optimized practical configurations. Finally, we compare the different approaches by indicating what interconnection density and what aggregate bit-rates one can expect for each case and for what interconnection distances these optical approaches could possibly be used as electrical wire replacement technologies.
POF optical pathway block

The proof-of-principle demonstrator
The POF optical pathway block under study consists of a plastic plate with a 2D array of holes into which a 2 × 8 POF ribbon is inserted (see figures 1 and 2). For this application POFs were preferred over glass fibres because of their lower cost, their smaller bending radius and their large NA. The plastic plate (see insert in figure 2) ensures that the pitch of the POFs matches that of the active devices (250 µm). The POF ribbon and the alignment plate are encapsulated in a dedicated connector giving it the necessary rigidity and facilitating manipulation and connection. A spacer featuring alignment pins is used to position the POF connector with respect to the chip.
A proof-of-principle data link was built [6] to investigate the characteristics of such an MCLED-POF. The MCLEDs had a diameter of 50 µm (mesa diameter 70 µm) and were flip-chip mounted onto a glass substrate using a gold bump technique approach (see figure 1) . The quantum efficiency of these MCLEDs is 12%. The light was coupled into a 30 cm long POF featuring a core diameter of 120 µm and a NA of 0.5. The coupling efficiency into a POF was evaluated experimentally. The absorption of the POF at 980 nm, the central emission wavelength of the MCLEDs, was measured and had a value of 11 dB m −1 . Taking this value into account, the power was measured at the output of the fibre. After aligning the fibre with the MCLED and bringing it as close as possible to the MCLED (working distance of a few micrometres) we have measured a maximum coupling efficiency of 18%. Estimated from the far-field pattern the maximum efficiency into NA = 0.5 should have a value of 32.5% [6] . The difference can be explained by reflection losses at the fibre facet and the partial overlap between the MCLED and the fibre facet. This overlap is given by the fraction of rays emitted by the MCLED, within the acceptance cone of the fibre, that hit the fibre core. This geometrical overlap efficiency is dependent on the fibre and MCLED diameter, and the distance between the MCLED and the fibre [7] . The BER of the MCLED-POF-detector system was measured with a 2 32 − 1 pseudo-random bit sequence. The link has a low BER for data rates up to 600 Mbit s −1 .
Modelling the POF optical pathway block: cross-talk and transmission efficiency
For modelling purposes, we have divided the interconnection block schematically into two main parts: the emitter side and the receiver side (see figure 2 ). This allows us to investigate the two optical sub-systems on efficiency, crosstalk and tolerances individually. In table 1 we have listed the parameters that affect the cross-talk and the efficiency. Two different micro-emitters are used: a MCLED and a VCSEL. The characteristics of these sources and of the InP detector can also be found in table 1. We consider here small diameter POFs with a core diameter of 120 µm and a device pitch of 250 µm. In fact all the characteristics of the components and devices that we have used in our model are according to the specifications of the OIIC project demonstrator [8] . We have also investigated POFs with a core diameter of 60 µm and a pitch of 125 µm to study the scalability of this system. For both the 120 µm and the 60 µm POFs numerical apertures of 0.25 and 0.50 were considered. We have derived an analytic expression for the maximum working distance L max from the emitter or receiver to the POF, below which no cross-talk between neighbouring fibres will occur. L max is given by equation (1) at the emitter side and by equation (2) at the receiver side. Here θ represents the divergence angle θ FWHM of the micro-emitters as long as θ FWHM is smaller than the acceptance angle of the POF. If the latter condition is not satisfied θ takes the value of the acceptance angle θ POF of the POF:
tan θ where
tan θ POF where
with P = pitch of the devices, Performances of optical multi-chip-module interconnects 
To study the transmission efficiency of the POF-based interconnect as a function of the working distance L we simulated both the emitter and detector module via ray tracing and radiometric calculations using the photonics design software SOLSTIS. When simulating the emitter side we modelled the MCLED and the VCSEL with a userdefined source featuring a circular geometry with a uniform emittance distribution. We also assumed the intensity to have a revolution angular distribution. In the case of the MCLED the emission pattern was measured experimentally (see table 1) and entered in the source model. For the VCSEL we assumed a Gaussian angular intensity distribution. We then calculated the coupling efficiencies of both sources for the different POFs. In a next step we simulated the receiver side to calculate how much of the light emerging from the POF impinges on the detector area. Here again, a userdefined source models the light that is coupled out of the POF. Multiplying the values of the coupling efficiencies of both the emitter and receiver side for an identical working distance L then gives us the transmission efficiency of the optical interconnection system for this working distance.
Simulation results and discussion
In figures 3 (a) and (b) we have displayed the transmission efficiency for different combinations of the diameter and NA of the POF as a function of the working distance between the POF and the emitter or receiver. Here the vertical lines represent the maximum working distances L max before crosstalk occurs.
In the case of the MCLED we see that, for short working distances, a large-NA fibre with a large core diameter results in higher transmission efficiencies. Nevertheless, even for very small working distances the transmission efficiencies obtained with this approach are low and do not exceed 30%. For a POF with a core diameter of 120 µm and a NA of 0.5 at a working distance of 50 µm, an overall transmission efficiency of 20.9% is found. Only 25.4% of the emitted light from the MCLED is coupled into the POF. The lost light at the emitter side is not coupled in the neighbouring fibres if the working distance is smaller than L max and therefore cannot cause cross-talk. At the receiver side 82.3% of the light emerging from the POF is impinging on the detector area. Here some of the lost light will penetrate the substrate and impinge on the adjacent detector after propagation through the substrate via total internal reflection and will cause crosstalk. Special precautions will have to be taken at the detector side to avoid cross-talk. In the case where a VCSEL is used, the NA of the fibre does not affect the coupling efficiency at the emitter side because of the small divergence angle of this microlaser. Therefore a fibre with a much lower NA and diameter can be used and will result in an improved coupling efficiency at the detector side and more relaxed cross-talk conditions. Our simulations show that, in the latter case, transmission efficiencies close to 100% can be reached for working distances smaller than 60 µm.
Free-space optical pathway block
The proof-of-principle demonstrator
To establish a free-space optical intra-MCM interconnection a different optical pathway block is needed. The one described in this paper is an optical bridge consisting of a base plate featuring two arrays of spherical microlenses together with some alignment holes and a second plate integrating the micromirrors with the counterpart mounting features (see figures 4 and 5). Figure 6 shows a photograph of such an optical bridge with 2 × 8 channels. A first microlens array positioned above the array of emitters acts as a beam collimator, while a second microlens array is used to refocus the beams onto the detector array. Each micromirror surface makes an angle of 45
• with respect to the optical axes of the lenses in order to deflect the collimated beams by 90
• . In this free-space approach for intra-MCM interconnects we only consider VCSELs as sources because low divergence angle emitters are imperative to avoid cross-talk between adjacent channels.
The demonstration of a 2.48 Gb s −1 multichannel optical data link for intra-MCM interconnects has already been reported [9] . The optical module was fabricated in polymethyl metacrylate (PMMA) by deep proton lithography and integrates micromirrors and cylindrical microlenses. With the same technology, a 16-channel micro-optical interconnection module with spherical microlenses was also fabricated as shown in figure 5 . The lenses have a height of 37.2 ± 11.3 µm. We have used this prototype multichannel micro-optical bridge to establish a free-space optical link between a single-mode pigtailed laser diode (NA = 0.11) and a multi-mode pigtailed detector (NA = 0.2, core diameter = 50 µm). Here a single-mode input fibre was used to mimic the emission characteristics of a VCSEL source whereas the multi-mode output fibre simulates the photodetector. The micro-optical bridge was tested at a bit-rate of 625 Mb s −1 and a very clear and open eye diagram was observed. The optical transfer efficiency, here defined as the ratio between the power collected by the multi-mode output fibre and the power emerging from the monomode input fibre, was measured for four of the channels. Their values are: 40.4%, 47.2%, 42.3% and 45.9%. The differences in optical efficiencies for the different channels could be ascribed to the variations in height of the lenses in the array, corresponding to focal numbers of 1.75 ± 0.45. The cross-talk between adjacent channels was also measured and ranged from −15.6 dB to −20.8 dB.
Modeling the free-space optical pathway block: cross-talk and transmission efficiency.
Contrary to the guided-wave approach, where the diameters of the POFs limit the maximum channel density of the optical intra-MCM interconnects, the free-space bridge has the advantage that there are no major technological fabrication limitations for small lenslet diameters at different focal lengths. We only have to take care that the diameters of the lenslets are smaller than the channel pitch. This means that the free-space approach has the potential advantage of being scalable because lower lens diameters imply higher channel densities and consequently higher total throughputs. The minimum lens diameter for each interconnection length L will be determined by the diffraction of the VCSEL beam which has a waist w 0 and a divergence θ . From the minimum lens diameter we can then calculate the maximum channel density as a function of the distance travelled in the OPB, assuming that the pitch of the channels equals the lens diameter.
If we assume that in the middle of the OPB (at z = 0) the beam waist is w (0) = w 0 then the beam radius at the
If we now apply the rule that the laser beam must always be smaller than 2 3 of the lens diameter so that more than 99% optical energy throughput through the lenses is achieved and cross-talk is absent in the system, we also have that We now calculate the beamwaist w 0 such that the optical interconnection distance L is maximum:
So due to diffraction of the laser beam the minimum lens diameter φ lens for an interconnection length L is limited to
In this calculation we have assumed that for every laser diode with beam waist w 0 and divergence θ , there exists a lens with focal length such that
This is true if
For VCSELs with a FWHM angle of 12
• or a beam divergence θ = 6
• this would mean that the focal number of the lenses would have to have a value f/# 2.24.
Simulation results and discussion
With this model (equation (3)) we have calculated the allowed channel density as a function of the interconnection length for different array sizes. The results are displayed in figure 8 . In the specific case of the OIIC project where the bridge is used to interconnect an 8 × 2 array of VCSELs and receivers, the optical path length in the OPB is 7 mm. According to expression (3), the minimum lens diameter to achieve at least 99% transmission efficiency while avoiding cross-talk is therefore 130 µm (λ = 850 nm). We chose a lens diameter of 200 µm (the maximum possible lens diameter with our fabrication technology if a pitch of 250 µm is desired [5] ). The VCSEL was modelled with a Gaussian angular intensity distribution with a FWHM angle of 12
• . We calculated the transmission efficiency of the optical interconnection system (the ratio between the powers of the emitted light and the light impinging on the detector area) for different focal numbers of the lens and for different working distances between the chip and the bridge, as depicted in figure 9 . Efficiencies close to 100% can be reached for working distances between 600-700 µm. The maximum efficiency of 98.7% is reached for a working distance of 620 µm and a 2.9 focal number for the lenses.
These simulations show that the working distances for the free-space approach are much larger than those for the guided-wave interconnect. The POF link as shown in figure 2 (POFs with a 120 µm core diameter and NA of 0.5) should have working distances of 50 µm or smaller if transmission efficiencies above 80% are to be reached. The POF link has a tolerance on the working distance of ±10 µm if a variation on the received power of 5% is allowed. For the free-space approach this results in a tolerance of ±50 µm. Therefore the tolerance on the working distance is far less stringent for the free-space than for the guided-wave approach, which could be an important argument favouring free-space interconnects over fibre-based interconnects. A study of the lateral misalignments shows us that the tolerance in the positioning of the free-space bridge with respect to the emitters and receivers on the MCM is only ±5 µm when a variation on the received power of 5% is allowed. Here the guided-wave approach has a slightly better tolerance than the free-space approach: of ±9 µm and ±15 µm, respectively, when MCLEDs and VCSELs are used.
Comparing the total throughput of the optical interconnection modules
A very important characteristic of these data transmission systems is their total data throughput capacity. The data throughput per chip area of a data link is defined as the bit-rate per channel multiplied by the channel density in the interconnection. The channel densities and bit-rates that can be achieved are limited by the maximum allowed power dissipation of the opto-electronic emitters and receivers. Here we have assumed a bias-free modulation of the VCSEL at 1.5 Gb s −1 [10] and a 100 W cm −2 dissipation limit in case of active cooling. Another limitation is imposed by the optical power needed at the receiver side to achieve the extremely low BER of 10 −13 -10 −15 . When calculating the transmission efficiency of the systems we do take into account the different coupling losses as described and calculated in sections 2.2 and 3.2. Also an extra loss of 3.8% caused by Fresnel reflection losses is included. In the case of the guidedwave approach we have assumed an attenuation of 20 dB m −1 inside the POF and bending losses of 0.3 dB at 633 nm for a 90
• bend with a radius of 2 mm [11] . In figure 10 we have compared the calculated throughput of the guided-wave and the free-space approach as a function of the interconnection length. For the guided-wave approach, the channel density is determined by the POF diameter and the corresponding device pitch P (channel densities of 1600 cm −2 for P = 250 µm and 6400 cm −2 for P = 125 µm). The channel density does not change with the interconnection length and will not affect the throughput of the data transmission link as long as we satisfy the receiver sensitivity. Beyond an interconnection length of about 1000 mm the total attenuation in the POF will become important. The optical power at the receiver is then no longer sufficient to achieve a low BER unless we relax on the bit-rate. This results in a dramatic decrease of the throughput. In the case of the freespace approach the diffraction of the beams rather than the attenuation causes the decrease of the channel density with the interconnection length, limiting the throughput for an interconnection length beyond about 10 mm.
Conclusions
In this paper we have studied both a free-space and a guidedwave system for MCM optical interconnections. If thermal dissipation can be taken care of appropriately, the VCSELs can be driven at their maximum bit-rate of 1.5 Gbit s −1 (bias-free modulation). It then requires 667 channels, or a 26 × 26-device array, to achieve a total throughput of 1 Tbit s −1 . We can conclude that both approaches allow a data transmission of more than 1 Tbit s −1 if array sizes of 26 × 26 VCSELs are used. In the case of the free-space approach this corresponds to device pitches above 142 µm and densities below 5000 cm −2 . For the guided-wave approach the pitch and the device density are determined by the POF diameter.
The free-space interconnection module is the best approach to interconnect distances smaller than a few centimetres, while the guided-wave approach is more appropriate for interconnection lengths of several tens of centimetres. In the case of the guided-wave approach, the choice of the emitter type will strongly depend on thermal budget, overall system efficiency, single channel bandwidth, cost and yield of large arrays of both types of devices. For the free-space approach only VCSELs can provide a practical solution since cross-talk has to be avoided.
